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Edited by Felix WielandAbstract To explore how the sulfonylurea receptor (SUR1) is
involved in docking and fusion of insulin granules, dynamic mo-
tion of single insulin secretory granules near the plasma mem-
brane was examined in SUR1 knock-out (Sur1KO) b-cells by
total internal reﬂection ﬂuorescence microscopy. Sur1KO b-cells
exhibited a marked reduction in the number of fusion events from
previously docked granules. However, the number of docked
granules declined during stimulation as a consequence of the re-
lease of docked granules into the cytoplasm vs. fusion with the
plasma membrane. Thus, the impaired docking and fusion results
in decreased insulin exocytosis from Sur1KO b-cells.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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ATP-sensitive K+ (KATP) channels are key players in the
prompt release of insulin triggered by glucose. These chan-
nels, comprised of SUR1, the high aﬃnity sulfonylurea
receptor and Kir6.2, the pore-forming subunit, set the b-cell
resting potential [1,2]. Membrane depolarization, induced by
closure of KATP channels secondary to changes in ADP/ATP
resulting from glucose metabolism, leads to the opening of
voltage-dependent Ca2+ channels and a rise in [Ca2+]i [3].
The rise in [Ca2+]i is the triggering signal for exocytosis of
insulin granules [4]. Since SUR1 possesses classic nucleotide
binding folds [5], and is coupled with Kir6.2, SUR1-based
KATP channels in the plasma membrane are thought to be
involved in the glucose triggering signal. Loss of function
mutations in SUR1 and Kir6.2 account for 50% of the casesAbbreviations: EPIF, epiﬂuorescence; GFP, green ﬂuorescent protein;
TIRFM, total internal reﬂection ﬂuorescence microscopy
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doi:10.1016/j.febslet.2005.01.074of persistent hyperinsulinemic hypoglycemia in human (for
review, see [6]). However, KATP channel null mice, the result
of knocking out either SUR1 [7] or Kir6.2 [8] genes exhibit
normoglycemia when fed, displaying only mild glucose intol-
erance when challenged. Several studies have examined insu-
lin secretion from KATP channel null islets. Seghers et al. [7]
and Miki et al. [8], using 10–18-week-old male mice, re-
ported initially that ﬁrst phase was eliminated and second
phase release attenuated in isolated Sur1KO and Kir6.2
knock-out islets, respectively. Subsequently, Shiota et al.
[9] and Nakazaki et al. [10] reported that the potentiating ef-
fect of incretins was blunted in Sur1KO islets secondary to a
decreased response to cAMP. Doliba et al. [11] reported a
strong potentiation of glucose-stimulated insulin secretion
by acetylcholine and concluded that the augmentation path-
way [12,13] was impaired in Sur1KO islets. Recently, Nen-
quin et al. [14] reported that Sur1KO islets isolated from
older and female (12–14 month) mice exhibit elevated insulin
secretion in low glucose (1 mM), show a ﬁrst phase of insu-
lin release, and have an intact augmentation pathway. The
reason(s) for the observed diﬀerences between the various
studies are not well understood, but include animal age, gen-
der and islet isolation protocol.
On the other hand, the SNARE proteins play a crucial
role in the insulin secretion, particularly the docking and fu-
sion of insulin granules with the plasma membrane [15,16].
We have recently developed an approach using immuno-
staining and expression of a green ﬂuorescent protein
(GFP)-tagged insulin, combined with total internal reﬂection
ﬂuorescence microscopy (TIRFM) [17] to assess the status of
SNARE proteins and the dynamic motion of insulin gran-
ules near the b-cell plasma membrane while stimulating with
glucose. We have utilized this system to characterize the
status of SNARE proteins and the process of glucose-
stimulated insulin exocytosis in b-cells isolated from 10- to
14-week-old Sur1KO male mice reported to exhibit loss of
ﬁrst phase and attenuated second phase of insulin release
both in vitro and in vivo [7,10]. The data obtained suggest
that docking and fusion of insulin granules is perturbed
and results in decreased insulin exocytosis from Sur1KO
b-cells under the conditions tested.blished by Elsevier B.V. All rights reserved.
Fig. 1. Immunohistochemical study and quantitative analysis of
morphologically docked insulin granules and t-SNARE clusters in
the plasma membrane. Pancreatic b-cells were prepared from control
and Sur1KO mice, and stained for insulin, syntaxin-1 and SNAP-25.
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2.1. Cells
The generation and characterization of Sur1KO mice have been
described previously [7]; C57BL/6J mice were used as controls.
10–14-week-old male mice were given free access to food and water.
Pancreatic islets of Langerhans were isolated by collagenase digestion,
and they were dissociated into single cells and cultured on ﬁbronectin-
coated (Koken, Tokyo, Japan) high-refractive-index glass (Olympus,
Tokyo, Japan) as described [18].
2.2. Immunohistochemical analysis
Pancreatic b-cells were ﬁxed, made permeable with 2% paraformal-
dehyde/0.1% Triton X-100, and processed for immunocytochemistry as
described previously [16]. Cells were labeled with monoclonal anti-
insulin antibodies (Sigma–Aldrich, St. Louis, MO, USA), anti-
syntaxin-1 antibodies (Sigma–Aldrich), and anti-SNAP-25 antibodies
(Wako, Osaka, Japan), then processed with FITC-conjugated anti-
mouse or anti-rabbit IgG (Amersham Pharmacia Biotech, Bucking-
hamshire, UK). Immunoﬂuorescent staining was detected with TIRF
or epiﬂuorescence (EPIF) microscopy. The docked granules and
SNARE clusters were analyzed as previously described [18–20].
2.3. TIRF microscopy
The Olympus total internal reﬂection system was used as described
previously [17]. Light from an Ar laser (488 nm) was introduced to
an inverted EPIF microscope (1X70, Olympus) through a single-mode
ﬁber and two illumination lenses; the light was focused at the back fo-
cal plane of a high-aperture objective lens (Apo 100· OHR; NA 1.65,
Olympus). To observe GFP or ﬂuorescein we used a 488-nm laser line
for excitation and a 515-nm long pass ﬁlter for the barrier. The proce-
dure to monitor the GFP-labeled insulin granule motion such as dock-
ing and fusion in pancreatic b-cells by TIRFM was previously
described elsewhere [17,18].
2.4. Acquiring the images and analysis
Images were collected by a cooled charge-coupled-device camera
(MMX-512-BFT, Roper Scientiﬁc, Trenton, NJ, USA) operated with
Metamorph 6.1 software (Universal Imaging, Downingtown, PA,
USA) as described previously [17,18]. Most analyses were done as pre-
viously described [17–20]. Brieﬂy, to analyze the fusion data, fusion
events were manually selected, and the average ﬂuorescence intensity
of individual granules in a 1-lm · 1-lm square placed over the granule
center was calculated. The number of fusion events was manually
counted while looping 5000 time-lapse frames. TIRF images were ex-
ported as single TIFF ﬁles and processed using Adobe Photoshop 7.0.
2.5. Statistical analysis
Analysis of variance (ANOVA) followed by Fishers test and regres-
sion analysis were done using Statview 4.5 software (Abacus Concepts,
Berkeley, CA, USA). Results are given as means ± S.E.M.(A) Insulin granules docked at the plasma membrane. Typical TIRF
images of docked insulin granules in control and Sur1KO b-cells are
shown. The graph shows the number of insulin granules docked to the
plasma membrane. Individual ﬂuorescent spots in TIRF images were
manually counted per 200 lm2 (n = 9 cells, \P < 0.0001). (B) EPIF and
TIRF images of syntaxin-1 and SNAP-25 on the b-cell plasma
membrane. Each image is representative of three separate experiments.
Note that TIRF images revealed the clusters of syntaxin-1 and SNAP-
25 in the plasma membrane. The number of syntaxin-1 and SNAP-25
clusters in the plasma membrane were counted per 200 lm2 using
TIRF images (n = 9 cells).3. Results and discussion
The number of insulin granules morphologically docked at
the plasma membrane was counted by TIRFM analysis as de-
scribed elsewhere [18–20]. Unexpectedly, Fig. 1A shows that
the number of docked insulin granules is signiﬁcantly increased
in Sur1KO b-cells (299.8 ± 14.5 per 200 lm2 in Sur1KO b-cells
vs. 201.7 ± 6.8 in control cells; n = 9 cells, P < 0.0001). Because
SNARE proteins are known to play an important role in dock-
ing and fusion of insulin granules [15,16], and we have demon-
strated that expression of syntaxin-1 and SNAP-25 and their
status in the plasma membrane are correlated with the docking
status of insulin granules [20,21], Sur1KO b-cells were stained
with anti-syntaxin-1 and anti-SNAP-25 antibodies. As shown
in Fig. 1B, common EPIF microscopy showed no diﬀerence
in the staining patterns of syntaxin-1 and SNAP-25 betweenSur1KO and control b-cells and TIRF images showed no dif-
ference in the number of syntaxin-1 clusters (control:
199.2 ± 7.5, KO:194.3 ± 5.6 per 200 lm2; n = 9 cells) or
SNAP-25 clusters (control: 209.8 ± 13.3, KO: 210.0 ± 6.9 per
200 lm; n = 9 cells). Thus, the number of docked insulin gran-
ules was slightly increased in Sur1KO b-cells while the number
of t-SNAREs clusters in the plasma membrane appeared sim-
ilar to the control.
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granules in primary rat b-cells during stimulation with 22 mM
glucose and reported that fusion events associated with ﬁrst
phase insulin release originate mainly from previously docked
granules [18]. Interestingly, in control mouse b-cells an appre-
ciable number of fusion events during ﬁrst phase release, de-
ﬁned here as the ﬁrst ﬁve minutes of stimulation with 22 mM
glucose, involved newcomer granules (Fig. 2 and see movie
S1). This may be a species diﬀerence similar to the rising vs. ﬂat
second phase insulin release commonly observed during perfu-
sion studies in rat vs. mouse islets, respectively [22,23]. During
the ﬁrst phase release, control mouse b-cells show fusion events
from both pre-docked and newcomer granules, while fusion
events during second phase involve primarily newcomers
(Fig. 2; control Glucose-stim). Sur1KO b-cells show infrequent
fusion events during both phases of insulin release (movie S2)
in agreement with previously reported Sur1KO islet perifusion
data [7,9]. The fusion event histogram from Sur1KO b-cells
shows a marked reduction in the number of fusion events
involving previously docked granules (Fig. 2; Sur1KO Glu-
cose-stim) despite the greater number of previously docked
insulin granules in Sur1KO b-cells (see Fig. 1A). In order to
address the question whether the inability to fuse previous
docked granules is due to the impairment in glucose signaling
in Sur1KO b-cells, we performed the experiment using 50 mMFig. 2. TIRF images and analysis of motion of single GFP-labeled insulin
infected with AdexlCA insulin-GFP to label the insulin secretory granules. T
and then stimulated with 22 mM glucose (Glucose-stim) or 50 mM potass
granules close to the plasma membrane with glucose stimulus was monito
Sur1KO). Histograms of the number of fusion events (per 200 lm2) at 60-s in
stim; n = 29 cells, control K+-stim; n = 3 cells, Sur1KOK+-stim; n = 7 cells). T
open column shows the fusion of newcomers.KC1 to depolarize the membrane. Sur1KO b-cells well re-
spond to 50 mM KC1 and show the appreciable number of fu-
sion events derived from newcomer granules, but not from
previously docked granules (Fig. 2; Sur1KO K+-stim) while
control b-cells show fusion events derived from both previ-
ously docked and newcomer granules (Fig. 2; control K+-
stim). The results suggest an impairment in the ability to fuse
previously docked granules with the plasma membrane in
Sur1KO b-cells.
Surprisingly, although the number of fusion events with high
glucose stimulus in Sur1KO b-cells was dramatically reduced,
the total number of docked insulin granules decreased mark-
edly during glucose stimulation when compared with the con-
trol cells (Fig. 3). The results are consistent with an anomalous
detachment, and return to the cytoplasm, of previously docked
granules in parallel with a failure to dock newcomer granules
to the Sur1KO b-cell plasma membrane. This can be seen by
comparing the behavior of newcomer granules as shown in
Fig. 3. Within 6–8 min docked newcomers reach a steady-state
level of about 40 granules per 200 lm2 in both groups. In Sur1-
KO b-cells newcomers make up the total population of mor-
phologically docked granules vs. about 50% in the controls.
The steady-state newcomer level is maintained in the controls,
but declines progressively in Sur1KO b-cells at >12 min
(Fig. 3). The results imply that replenishment is not necessarilygranules in control and Sur1KO b-cells. Isolated mouse b-cells were
wo days later, cells were preincubated with 2.2 mM glucose for 30 min,
ium chloride (K+-stim). The real-time motion of GFP-labeled insulin
red at 300 ms-intervals (see movie S1 for control and movie S2 for
tervals are given (control Glucose-stim; n = 20 cells, Sur1KO Glucose-
he black column shows the fusion from previously docked granules; the
Fig. 3. Time-dependent changes in the number of insulin granules
docked to the plasma membrane during glucose stimulation. The
number of previously docked granules (dark gray line) and that of
newly recruited granules (light gray line) during 22 mM glucose
stimulation were determined by counting GFP-labeled granules on
each sequential image (per 200 lm2) in control and Sur1KO cells (n = 3
cells). The black line represents the total number of GFP-labeled
granules docked to the plasma membrane and is the sum of dark (the
number of GFP-labeled previously docked granules) and the newly
recruited GFP-labeled granules (light gray line) during glucose
stimulation. Note that the previously docked granules rapidly disap-
peared and newcomers appeared in Sur1KO b-cells, but begin to
disappear 12 min after stimulation.
T. Kikuta et al. / FEBS Letters 579 (2005) 1602–1606 1605impaired, but that the newcomer granules are loosely attached
or docked, are unable to fuse with the plasma membrane and
are released to the cytoplasm.
It is unclear why Sur1KO b-cells fail to exocytose their insu-
lin granules with glucose stimulus correctly despite the pres-
ence of t-SNAREs and morphologically docked granules at
the plasma membrane. While we have not measured [Ca2+]i
or membrane potential (Vm) in this study, one caveat is that
the coupling between Vm and [Ca
2+]i oscillations, present in
b-cells in both control and Sur1KO islets, is strongly attenu-
ated in the isolated, single Sur1KO b-cells used in the present
study as previously reported [24]. The [Ca2+]i patterns in iso-
lated Sur1KO b-cells are quite variable, ranging from oscillat-
ing to continuously elevated in either high of low glucose [24].
Similar variation in oscillation of [Ca2+]i was noted in Sur1KO
islets, which exhibit a glucose-induced increase in [Ca2+]i [14].
Oscillations in Vm were not found in isolated b-cells, but were
present in islets [24]. Whether the eﬃcient fusion of previously
docked granules or docking of newcomer granules requires
coordination of Ca2+ and Vm is unknown. We speculate that
the interaction between t-SNAREs and v-SNAREs is probably
aﬀected by altered Vm and Ca
2+ suggested by Kubista et al.
[25], indeed the assembly of SNARE complex is formed by io-
nic interactions [26]. Pasyk et al. [27] have recently reportedthat both nucleotide binding folds from SUR1 and SUR2
interact with syntaxin-1 and are involved in membrane–gran-
ule interactions. Taken together, the lack of SUR1 may cause
(1) incorrect docking/fusion for previously docked insulin
granules and (2) desensitization against acute [Ca2+]i elevation
because of already elevated [Ca2+]i or variant oscillation pat-
tern of [Ca2+]i. Further work is necessary to characterize these
loosely docked insulin granules and their potential to fuse with
plasma membrane.
In conclusion, Sur1KO b-cells have an increased number of
docked insulin granules and a normal level of t-SNAREs in the
plasma membrane, but docking and fusion of insulin granules
during glucose stimulation is perturbed in isolated cells.
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DK57671.Appendix A. Supplementary data
Movie S1: TIRFM image of GFP-labeled insulin granule
motion in normal primary mouse b-cells during glucose (22
mM) stimulation. Images were acquired every 300 ms. A time-
stamp (minute: second, millisecond) and calibration bar (5 lm)
was overlaid on the movie. Stimulation started at 0 s.
Movie S2: TIRFM images of insulin exocytosis from Sur1-
KO b-cells. Images were acquired as in the legend of movie
S1. Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febs-
let.2005.01.074.References
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